ABSTRACT An experiment was conducted with 768 non-cage-housed ISA Brown pullets, of which 576 hens were followed during the laying period, to investigate the separate effects of dietary energy dilution and nonstarch polysaccharides (NSP) concentration (oat hulls as NSP source) on eating behavior and feather damage. Day-old pullets were allotted to 1 of 6 dietary treatments according to a 3 × 2 factorial arrangement (3 dilution and 2 NSP levels), with 8 replicates (pens) per treatment. At 17 wk of age, pens with hens were allotted to 1 of 8 dietary treatments according to a 4 × 2 factorial arrangement (4 dilution and 2 NSP levels), with 6 replicates per treatment. Compared with 0% dilution level, feed intake of laying hens of 10, 15, and 20% dilution levels increased by 8.4% (9.5 g/hen per d), 16.5% (18.1 g/hen per d), and 20.9% (23.6 g/hen per d), respectively. The ME n intake was similar for all dilution levels. Hens fed standard-NSP laying diets had similar insoluble NSP intake for all dilution levels (9.3 g/hen per d). Insoluble NSP intake of hens fed high-NSP laying diets increased from 15.6 g/hen per day (0% dilution) to 18.9 g/hen per day (20% dilution). Providing high-vs. standard-NSP layer diet decreased relative proventriculus contents (1.1 vs. 0.3 g/kg of BW) and increased empty gizzard weight (14.3 vs. 24.4 g/kg of BW). Hens that were fed standard-NSP diets had more feather damage compared with hens fed high-NSP diets (0.58 vs. 0.30 arbitrary units). Increasing the insoluble NSP intake resulted in decreased proventricular weight and increased gizzard weight and its contents, which are indicators of improved functioning of the gut, thereby linearly reducing feather damage. Providing diluted rearing diets increased feed intake from the first weeks of life onwards. It was hypothesized that pullets were increasingly "imprinted" on feed as pecking substrate if dilution level increased. This may decrease feather pecking and could explain the improved feather condition at 49 wk of age when 15% diluted rearing diet was fed.
INTRODUCTION
Feather pecking in layers is a very clear welfare problem in non-cage housing systems with a prevalence of between 40 and 80% (Blokhuis et al., 2007) . Some reports hypothesized that feather pecking behavior is a substitute for normal ground pecking or feeding behavior in the absence of adequate foraging incentives (Hoffmeyer, 1969; Blokhuis, 1986) .
Thus, nutritional factors that increase duration of feeding behavior may positively affect feather pecking behavior in laying hens (Van Krimpen et al., 2005) .
Feather pecking behavior was found to decrease in laying hens fed nutrient-diluted, high (in)soluble nonstarch polysaccharides (NSP)-containing diets, or roughages (Van der Lee et al., 2001; Hartini et al., 2003; Hetland et al., 2004b; Steenfeldt et al., 2007) . Laying hens that are fed low nutrient density diets do compensate for this dilution by increased feed intake, resulting in a prolonged eating time (Savory, 1980; Van Krimpen et al., 2008) , thereby maintaining hen performance, even in early lay (Van Krimpen et al., 2007) . Our unpublished data showed that diets high in insoluble NSP content decreased eating rate (g/min) and the rate of digesta passage in the foregut, suggesting an increased satiety level of the layers.
Although diets with low nutrient and high insoluble NSP contents reduced feather pecking behavior, the beneficial effects were small when feather pecking was already developed before diets were provided (Van Krimpen et al., 2008) . Rearing conditions (wire mesh vs. soil with foraging substrate) during the first 4 wk of life might have a major influence on the subsequent development of feather pecking in laying hens (Johnsen et al., 1998) . Therefore, more measures that stimulate natural behaviors are recommended to satisfy the needs of pullets in food searching and ingestion to prevent feather pecking in adult birds (Keppler et al., 1999) . To validate these recommendations, an experiment was performed to investigate the effects of nutrient dilution and NSP concentration in rearing and laying diets on eating behavior and feather damage of laying hens.
MATERIALS AND METHODS

Housing, Birds, and Management
A total of 768 non-beak-trimmed day-old layers (ISA Brown strain) were housed in 2 climate-controlled rooms. Within each room, there are 24 floor pens (0.90 × 1.50 m). The pens were built of wire and hens could see their flock mates in other pens. Each pen contained 4 perches, a feeding trough (length of 100 cm), and 3 nipple drinkers. Sand was used as litter on the floor. A laying nest was placed outside each pen. Throughout the experiment, litter quality was maintained by adding new sand monthly. During rearing from 0 to 16 wk of age and laying from 17 to 49 wk of age, the number of birds per pen was 16 and 12, respectively. At the start of the laying period, pen weights were standardized by removing 4 birds that deviated most from the mean. Mean weight of the remaining birds was 1,475 g (SD 37). To stimulate feather pecking behavior, stocking density was higher (10.4 hens/m 2 ) than usual in practice (9.0 hens/m 2 ). Feed and water were provided for ad libitum consumption. Temperature was decreased each week by 2.5°C from 33°C in wk 1 to a constant value of 21°C from wk 5 onwards. At the onset of the experiment, the following light scheme for ISA Brown pullets was provided. Light was on during 22 h per day for the first 3 d, followed by a gradual reduction to 10 h per day in wk 7, and this pattern was maintained until wk 16. At 17 wk of age, light schedule was gradually extended by 1 h per week to a 16L:8D light schedule at the age of 22 wk. This photoperiod was maintained until wk 49 and lasted from 0100 to 1700 h. Health status of the hens was monitored daily.
Experimental Design
At d 0, pullets were allotted to 1 of 6 dietary treatments according to a 3 × 2 factorial arrangement. The factors were dietary dilution (0, 10, and 15% dilution) and insoluble NSP concentration [124 g/kg (control) vs. 184 g/kg (high)]. These NSP contents were the average for both rearing phases. Each treatment had 8 replicates. Rearing diets in phase 1 (wk 1 to 7) and phase 2 (wk 8 to 16; Table 1 ) had similar ME n concentrations, with 2,630, 2,370, and 2,250 kcal/kg for the 0, 10, and 15% diluted diets, respectively.
Because each of the 6 rearing diets was replicated 8 times, we randomly assigned 1 replicate from each rearing treatment at the start of the laying period to 1 of the 8 layer treatments according to a 4 × 2 factorial arrangement. The factors were dietary dilution (0, 10, 15, and 20% dilution) and insoluble NSP concentration [72 g/kg (control) vs. 115 g/kg (high); on average for the laying diets], with 6 replicates per treatment. The ME n concentrations were 2,830, 2,540, 2,390, and 2,250 kcal/ kg for the 0, 10, 15, and 20% diluted laying diets, respectively ( Table 2 ). The experiment was comprised of 48 treatment combinations (6 treatments in the rearing period × 8 treatments in the laying period) and each treatment combination was tested in 1 pen. Dietary dilution in the standard-NSP diets was realized by adding 10, 15, or 20% sand to the control feed (0% dilution, control NSP). The high insoluble NSP diet was obtained by adding 10% whole oat hulls to the control diet at the expense of all other ingredients. Whole oat hulls were directly added in the mixer, without passing through the hammer mill. To maintain the energy concentration in the 0% diluted, high-NSP diet, extra fat was added. All feeds were fed in mash form.
Ratio of ME n to all other nutrients was similar for all diets, except for ash and NSP. The nondiluted rearing and laying diets had NSP concentrations according to NRC requirements for rearing and laying hens (NRC, 1994) .
Measurements
Analytical Procedures. Feed was analyzed for DM, crude ash, crude fat, crude fiber, nitrogen, starch, sugars (mono-and disaccharides as glucose units), calcium, phosphorus, sodium, potassium. Neutral detergent fiber, acid detergent fiber, and acid detergent lignin were measured to obtain cellulose and hemicellulose. All samples were analyzed in duplicate. For determination of the DM content, feed was freeze-dried according to ISO method number 6496 (ISO, 1998b) . After freezedrying, feed was ground to pass a 1-mm screen and kept for analysis. Air-dry feed was dried in a forced-air oven at 103°C to a constant weight according to ISO method number 6496 (ISO, 1998b) . Kjeldahl nitrogen content was measured according to ISO method number 5983 (ISO, 1997) in fresh feed. Crude protein content was calculated as nitrogen × 6.25. Crude fat content was determined after acid hydrolysis according to ISO method number 6492 (ISO, 1999) . For determining crude ash content, samples were incinerated at 550°C in a muffle furnace according to ISO method number 5984 (ISO, 2002) . The starch content was analyzed enzymatically as described by Brunt (1993) . Reducing sugars were extracted from the feed samples, using 40% ethanol, and determined as described by Suárez et al. (2006) . Contents of calcium, phosphorus, sodium, and 1.4 Continued potassium were analyzed by using inductively coupled plasma atomic emission spectroscopy (ISO, 1998a) . Analysis of neutral detergent fiber, acid detergent fiber, and acid detergent lignin contents were based on a modified method of Van Soest and McQueen (1973) , as described by Suárez et al. (2006) . Particle Size Distribution. Oat hulls were added intact to the diet. Particle size distribution of the diets was analyzed by use of the dry sieve method (Goelema et al., 1999) . Seven particle size fractions were separated by using 6 sieves with diameters of 0.09, 0.18, 0.36, 0.71, 1.40, and 2.80 mm, respectively. Average particle size of the diets was calculated as (fraction <0 Bulk Density. To determine bulk density of the laying diets, a filling hopper on top of a cylinder, with a known volume of 1 L, was filled with mash. Hopper and cylinder were separated by a slide with a fall weight on top of it. After removing the slide, the weight fell down, thereby sucking down the mash. Access of feed was removed by placing the slide back in the cylinder. Bulk density was determined by dividing net weight of the mash by the volume of the container (BalandranQuintana et al., 1998) .
Observations
Feed Intake, BW, and Hen Performance. Feed consumption and hen performance per pen were recorded weekly. All hens were weighed per pen in a 4-wk interval. For the trait total egg mass, the entire egg mass production was calculated, assuming that shell-less and cracked eggs had the same weight as the mean "normal" egg weight of that specific pen in that week.
Eating Time. Video observations were recorded in a 4-wk interval to calculate eating time of birds in a pen. Eating time was defined as percentage of time birds spend on feed intake during the observation period. An observation day was divided in 3 blocks (i.e., from 0900 to 1130, 1130 to 1400 h, and from 1400 until 1630 h). An observation lasted 1 h, but to avoid possible disturbances of the cameraman at the start and end of the observation period, only the middle 30 observation minutes were analyzed. The number of eating birds (between 0 and 16) was recorded continuously by using Observer 4.1/5.0 software (Noldus, 1993) . Eating rate was calculated as feed intake (g/d) divided by number of eating minutes per day. Eating minutes per day were estimated by multiplying the number of minutes with the light on (16 h × 60 min) times the percentage of Based on 2 analyses per diet.
4
Mono-and disaccharides as glucose units.
5
Nonstarch polysaccharide (NSP) content was calculated by subtracting the CP, fat, starch, reducing sugars, and ash content from the DM content.
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observed eating time. Eating time and eating rate were averaged per pen per day. Feather Condition Scores and Culling Rate. In a 4-wk interval, plumage and skin condition per individual hen were scored by using the method described by Bilcik and Keeling (1999) . Scores, varying from 0 (intact feathers, no injuries or scratches) to 5 (completely denuded area), were given for each of 5 body parts 3 Based on 2 analyses in duplicate per diet. 4 Mono-and disaccharides as glucose units. 5 Nonstarch polysaccharide (NSP) content was calculated by subtracting the CP, fat, starch, reducing sugars, and ash content from the DM content.
(neck, back, rump, tail, and belly). The average of these 5 scores was also used for analysis. Culling of birds was recorded on a weekly basis. Behavioral Recordings. For scoring the behavioral recordings, the ethogram as described by Van Hierden et al. (2002) was used. All hens were fitted with colored leg rings to enable individual identification. Recordings of gentle feather pecking (without removal of feathers) and severe pecking (leading to feather loss), aggressive pecking, vent pecking, and cage pecking were made in wk 4, 10, 18, and 21 of the experiment. Each pen was observed for 10 min, counting each peck. Results were presented as number of pecks per observed hen per 10 min. Duration of behavior elements was scored during wk 11 and 19 of the experiment by using the scan sampling technique. Behaviors were classed in 4 groups: feeding-related behavior (pecking at feed or litter, ground scratching), drinking, walking, and resting (sitting or standing inactive, preening). For each pen, an observer scored the number of hens per behavior class at 1-min intervals over a 15-min observation period. Based on these 15 observations, average number of hens per behavior class were determined and recalculated to percentages of time spent on the different behaviors.
Statistical Analysis. The REML variance component analysis procedure tested the effect of the nutritional factors on the determined traits, using the model: where Y ijkl = dependent variable; μ = overall mean; Dilution Rearing i = fixed effect of dilution level of the rearing diet i (i = 3; 0, 10, and 15%); NSP Rearing k = fixed effect of NSP concentration of the rearing diet k (k = 2; control and high); Dilution Laying i = fixed effect of dilution level of the laying diet i (i = 4; 0, 10, 15, and 20%); NSP Laying l = fixed effect of NSP concentration of the rearing diet l (l = 2; control and high); e ijkl = the error term (Genstat 8 Committee, 2002) . This model was also used to test effects of eating time, eating rate, feather condition score (FCS), behavior traits, and gut development parameters.
The P-values for dilution rearing, NSP rearing, and dilution rearing × NSP rearing are presented for all parameters that were determined in the rearing period. Similarly, P-values for dilution laying, NSP laying, and dilution laying × NSP laying are presented for all parameters that were determined during the laying period. Besides, only significant carryover effects of the nutritional factors during rearing on parameters during laying were presented. The Tukey separation test was used to affix superscripts on the data in the tables.
RESULTS
Results During the Rearing Period
Average feed intake during the rearing period was 60.6 g/hen per day (SD = 0.52). In the standard-NSP rearing diets, feed intake increased by 13 and 19% in the 10 and 15% diluted diets, respectively (P < 0.001; Table 3 ). In some high-NSP diets, however, feed intake did not increase enough to ensure similar ME intake as in the standard-NSP diets. Feed intake increased by only 5 and 7% in the 10 and 15% diluted diets, respectively. Despite this, dilution level and NSP concentration did not significantly affect energy intake during the rearing period. In the standard-NSP rearing diets, eating time was not affected by dilution level, whereas eating time in the high-NSP rearing diets was significantly prolonged in the 10 and 15% diluted diets compared with the 0% diluted diet (P = 0.001; Table 3 ). In the standard-NSP rearing diets, eating rate of pullets linearly increased with increasing dilution levels. Eating rate in pullets fed high-NSP rearing diets slightly decreased with increasing dilution levels (P = 0.032; Table 3 ). In pullets fed the 0% diluted diets, average BW during the rearing period increased with feeding high-NSP diet. Average BW of pullets fed the 10 and 15% diluted diet was less after feeding high-NSP diet (P < 0.001; Table 3 ). Energy conversion ratio decreased in the 10% (11,500 kcal/kg of growth) and 15% diluted diets (11,400 kcal/kg of growth), compared with the 0% diluted diet (12,100 kcal/kg of growth; P = 0.025). Feeding-related behavior was not affected by the tested dietary factors during the rearing period.
Results During the Laying Period
At the start of lay, feather pecking behavior was not observed in any of the pens, irrespective of the dietary treatment during rearing. To encourage the hens to start feather pecking:
(1) light intensity was increased from 10 to 20 lx (wk 18), 30 lx (wk 20), and 65 lx (wk 22); (2) perch length was reduced from 3.6 to 2.7 m (wk 24) and to 1.8 m (wk 26); (3) large part of the sand was removed leaving about 2.0 L of sand per cage (from wk 28 onwards), and (4) feeding troughs were blocked for 3 h/d, where blocking period per pen varied during the week (wk 32 to 40).
Average feed intake during the laying period was 126 g/hen per day (Table 4) . Feed intake was affected by dilution level of the laying diets (P < 0.001) and increased proportionally with increased dilution level. Compared with the 0% dilution level, feed intake of 10, 15, and 20% dilution level was increased by 8.3, 16.5, and 20.9%, respectively. Thus, ME intake was nearly similar for the different dilution levels.
The amount of consumed insoluble NSP of hens fed standard-NSP laying diets was similar for all dilution levels (on average 9.3 g/hen per d; Table 4 ). Insoluble NSP intake of hens fed high-NSP laying diets increased from 62% (at 0% dilution) to 110% (at 20% dilution) compared with the 0% diluted low-NSP diet (P < 0.001). Insoluble NSP eaten with diets during the laying phase was not affected by dietary treatments during the rearing phase. Effect means within columns with no common superscript differ significantly (P < 0.05). 1 The tested factors were dilution level rearing period (2,630, 2,370, and 2,540 kcal/kg), dilution level laying period (2,830, 2,540, 2,390, and 2,250 kcal/kg), insoluble nonstarch polysaccharide (NSP) concentration rearing period (124 vs. 184 g/kg), and insoluble NSP concentration laying period (72 vs. 115 g/kg).
2 Each value represents the mean of 6 replicates over 32 wk, determined in a 1-wk interval.
3 Each value represents the mean of 6 replicates over 32 wk, determined in a 4-wk interval.
Bulk density of the high-NSP diets was substantially lower compared with the standard-NSP diets. Hens fed the high-NSP diet consumed more volume of feed (mL/ hen per d) for similar weight of feed intake. Volume intake increased by increased dilution levels of the diet. This effect was most pronounced in the high-NSP treatments. Volume intake during the laying phase was not affected by dietary treatments during the rearing phase.
In hens fed the 0% diluted laying diet, average BW was less in the standard-compared with the high-NSP laying diet. Hens fed 15% diluted laying diet had less average BW in the high-NSP diet. Average BW in hens fed 15% diluted laying diet was higher after eating the standard-NSP rearing diet (1,987 vs. 1,950 g; Table 4 ). Egg mass was not significantly affected by different rearing or laying diet combinations, or both. Figure 1 . Relation between insoluble nonstarch polysaccharide (NSP) intake (g/hen per d) and feather condition score. One pen was excluded from the analysis because of a large standardized residual (9.8 g of insoluble NSP intake, 1.77 feather condition score). Feather condition was scored from 0 (intact feathers, no injuries or scratches) to 5 (complete denuded area) for each of 5 different body parts (neck, back, rump, tail, and belly) and subsequently counted up to a total feather score per bird (Bilcik and Keeling, 1999) . Feather condition was scored per individual bird 8 times in a 4-wk interval and then averaged per pen. Each value represents the mean of 6 replicates (pens) over 32 wk in a 4-wk interval. ins. = insoluble.
Average eating time and eating rate were not affected by dietary treatments during the laying period (Table 5) . Moreover, eating time during laying was not affected by dietary treatments during rearing.
In this experiment, feather pecking frequency was very low (1.2 pecks/10 min per pen; data not shown). Gentle and severe feather pecking behaviors during laying were not affected by any of the tested dietary factors.
Over the period 0 to 25 wk of age, feather condition of all the hens was very good. From wk 29 onwards, feather condition linearly decreased over time.
Average feather damage of hens that were fed standard-NSP diets during the laying period was more severe compared with hens fed high-NSP diets (0.58 vs. 0.30; P < 0.001; Table 5 ).
The worst average feather condition (0.73) was found in hens fed the standard feeding regime both during rearing and laying (0% diluted rearing diet and later 0% diluted laying diet). Pairwise comparisons showed that the feather condition of all the other treatment combinations was better compared with the standard regime. Figure 2 . Relation between volume intake (g/hen per d) and feather condition score. One pen was excluded from the analysis because of a large standardized residual (146 g of volume intake, 1.77 feather condition score). Feather condition was scored from 0 (intact feathers, no injuries or scratches) to 5 (complete denuded area) for each of 5 different body parts (neck, back, rump, tail, and belly) and subsequently counted up to a total feather score per bird (Bilcik and Keeling, 1999) . Feather condition was scored per individual bird 8 times in a 4-wk interval and then averaged per pen. Each value represents the mean of 6 replicates (pens) over 32 wk in a 4-wk interval. Hens that were fed high-NSP diets consumed more insoluble NSP and more volume of feed per day. Surprisingly, daily insoluble NSP intake was found to be inversely linearly related to FCS (FCS = 0.75 − 0.025 × insoluble NSP intake; P < 0.001; R 2 = 0.55; Figure  1 ). Likewise, daily volume intake was found to be inversely linearly related to FCS (FCS = 1.22 − 0.0049 × volume intake; P < 0.001; R 2 = 0.46; Figure 2 ).
Relative empty crop weight and its content were on average 5.0 and 5.2 g/kg of BW, respectively (Table  6 ). Crop weight and its contents were not affected by the dietary treatments. Relative proventriculus content decreased by 73% after supplementing the high-compared with standard-NSP laying diet. (1.1 vs. 0.3 g/kg of BW; P < 0.001; Table 6 ). Time budgets for eating, dust bathing, resting, and feeding-related behavior, as observed by a scan sampling technique, were not affected by the dietary factors during laying (Table 7) . The NSP content of the layer diet affected preening and walking behavior.
Preening behavior was reduced in hens fed the highcompared with standard-NSP laying diet (9.6 vs. 7.8%; P = 0.009). Walking time was increased in hens fed the high-NSP laying diet compared with the standard-NSP laying diet (7.0 vs. 5.9%; P = 0.028; Table 7 ).
Carryover Effects of the Rearing to the Laying Period
A carryover effect of NSP concentration of the rearing diet and dilution level of the laying diet on eating rate during laying was observed (Table 8 ). In the 10% diluted laying diets, eating rate slightly increased if hens were previously fed a high-compared with a standard-NSP rearing diet (0.67 vs. 0.86 g/min). In the 15% diluted laying diets, eating rate slightly increased if hens previously were fed a standard-NSP compared with a high-NSP rearing diet (0.96 vs. 0.74 g/min). In hens fed the 10% diluted laying diet, relative weight of proventriculus content was increased if hens were previously fed a standard-NSP rearing diet (Table 8) . In hens fed high-NSP laying diets, no effect of NSP concentration on proventriculus content of the rearing diet was observed.
Hens fed the 0% diluted rearing diet had lower BW after feeding the high-NSP laying diet (1,941 vs. 1,973 g; Table 9 ). In hens fed the high-NSP laying diet, BW was not affected by NSP concentration of the rearing diet, whereas in the standard-NSP laying diet, BW was significantly reduced by feeding the high-vs. standard-NSP rearing diet (1,980 vs. 1,929 g; Table 10 ).
In hens fed standard-NSP laying diets, relative weight of proventriculus content increased if hens were previously fed a low-vs. high-NSP rearing diet (1.5 vs. 0.7; P = 0.048; Table 10 ). Empty gizzard weight was increased by 71% by feeding the high-vs. standard-NSP laying diet. Relative weight of the gizzard content was not significantly affected by the different rearing or laying, or both, diet combinations.
Feather condition of the hens in the last week of the experiment (wk 49) was positively affected by the dilution level of the rearing diet (Table 11) .
DISCUSSION
Effect of Nutrient Dilution
The present experiment was designed to study the effect of diets during rearing on traits during rearing and on combinations of rearing and laying diets on development and production and on eating traits during laying. Also, effects of these treatments on development of proventriculus, gizzard, and crop were studied. The aim is to evaluate whether intake and digestion processes are related to the development of feather damage. During rearing, average feed intake of pullets that were fed 10 and 15% diluted diets increased by 8.3 and 13.1%, respectively, resulting in similar ME energy intakes compared with pullets fed control energy diets. This means that pullets have a wide range of adaptation to density of their diets. This phenomenon was already known in laying hens (Leeson et al., 2001; Van der Meulen et al., 2006) but not from studies with nutrient-diluted diets in pullets.
During laying, average energy intake differed only slightly between dilution levels. Relative energy intake Effect means within columns with no common superscript differ significantly (P < 0.05).
1 The tested factors were dilution level rearing period (2,630, 2,370, and 2,540 kcal/kg), dilution level laying period (2,830, 2,540, 2,390, and 2,250 kcal/kg), insoluble NSP concentration rearing period (124 vs. 184 g/kg), and insoluble NSP concentration laying period (72 vs. 115 g/kg).
2 Each value represents the mean of 6 replicates over 32 wk, determined in a 4-wk interval. Effect means within columns with no common superscript differ significantly (P < 0.05).
2 Each value represents the mean of 6 replicates over 32 wk, determined in a 4-wk interval.
3 Each value represents the mean of 6 replicates (1 bird per pen) on wk 52. was 100, 97, 99, and 97% for the 0, 10, 15, and 20% diluted diets, respectively. Contrary to those findings, in the past, often overconsumption of feed was observed in hens that were fed diets with increased energy concentrations (Morris, 1968) . In the current experiment, energy intake during the laying period was independent of dietary treatments during the rearing period. Van der Meulen et al. (2006) and Van Krimpen et al. (2008) found proportional increases in feed intake with nutrient dilution levels up to 30%. It can be hypothesized that pullets and laying hens need a certain amount of nutrients per day and that they will continue to eat until their nutrient demands are fulfilled. It was found that adult layers compensate for dietary dilutions up to 20%, even if whole oat hulls are used as dilution source. Adaptation possibilities are more limited in young pullets because high NSP content could not be fully compensated.
Nutrient dilution of the rearing diet only slightly extended eating time and slightly increased eating rate during the rearing period. Similarly, also during the laying period, no significant effects of nutrient dilution on eating time and eating rate were observed. In contrast with those results, earlier findings showed that eating time of laying hens prolonged gradually because of feeding diluted diets (Van Krimpen et al., 2007 , 2008 . These differences were not caused by the eating behavior of the hens fed the diluted diets. Eating time of hens fed the 0% diluted diet in the current experiment, however, was much longer than in the previous experiment (20.4 vs. 15.1%). Probably, eating behavior of hens fed diluted diets in adjacent pens encouraged the hens that were fed the undiluted diets to peck more at feed. Keeling and Hurnik (1996) showed that a satiated bird might direct its attention to feed in response to social facilitation effect of a stimulus bird, but that is eats relatively little. Hens might also perform inappropriate feeding pecks in response to a specific deficit in their environment (Savory, 1999) .
In the current experiment, feather damage was not affected by nutrient density of the diet. Contrary to those findings, less feather damage was observed if layers were fed a nutrient-diluted diet (from 2,920 to 2,560 kcal/kg; Elwinger, 1981) . Similarly, Van der Lee et al. (2001) reported a better plumage condition in laying hens that were fed diets reduced in energy concentration (2,765 vs. 2,645 kcal/kg). It was hypothesized earlier that an increase in eating time and feeding-related behavior because of dietary dilution might compensate for redirected foraging behavior, resulting in less feather pecking behavior (Van Krimpen et al., 2005) . In the current experiment, decreasing the nutrient density did not prolong eating time. This might explain the absence of an effect on feather damage. Furthermore, the results of this experiment show that eating behavior, and subsequent feather pecking behavior, could vary enormously between flocks, even if the same facility, strain, and diet are used. This stresses that feather pecking is a multifactorial problem, which is difficult to control (Leonard et al., 1995; Nicol et al., 2001; Kjaer and Hocking, 2004) .
Feeding low nutrient diets to hens resulted in similar hen performance parameters (BW/egg mass) compared with hens that were fed undiluted diet. Similarly, feeding laying hens a 5% nutrient-diluted diet did not affect hen performance compared with a control diet (Van der Lee et al., 2001) . In a trial with laying hens (34 to 37 wk of age), dietary dilution (by adding 10, 20, 25, or 30% sand) did also not affect performance of the hens ( Van der Meulen et al., 2006) . The hens fully compensated for the effect of added sand in the diet by increasing their daily feed intake.
Thus, feeding low nutrient diets during rearing and laying resulted in a similar nutrient intake. Nutrient density, however, did not affect feeding-related behavior and feather damage.
Effect of Dietary NSP Concentration
In the current experiment, NSP concentration of the diets was increased by adding 10% whole oat hulls. As a result, NSP concentration of the rearing diet increased from 124 to 184 g/kg. Insoluble NSP level of the laying diets ranged only from 72 (standard NSP) to 115 (high NSP) g/kg. Thus, insoluble NSP concentrations of the rearing diets were considerably higher compared with the laying diets.
Body weight development of pullets during the rearing period that were fed the 10% and 15% diluted high-NSP diets was retarded because of reduced energy intake, compared with the 0% diluted high-NSP diet. The NSP concentration had no effect on hen performance traits. Body weight of hens that were fed high-NSP laying diets was even slightly increased compared with hens fed standard-NSP diets. This was confirmed by Hartini et al. (2003) , who found no detrimental effects on performance after substituting wheat by (in)soluble high-NSP sources like millrun, barley, rice hulls, or oats on an isocaloric and isonitrogenous basis. In some experiments, in which insoluble-rich NSP diets were supplemented, nutrient digestibility even increased, possibly due to a better gizzard development and more reflux activity in the foregut, resulting in improved hen performance, as reported by Hetland et al. (2004a) . Contrary to our expectations, NSP addition during rearing did not extend eating time and feeding-related behavior. Rearing hens fed the high-NSP diet simply ate this feed more quickly. Dietary dilution of the high-NSP rearing diets, however, resulted in a retarded feed intake and a decreased eating rate, whereas eating time was not increased. Pullets seem to maintain their eating time in a fixed time budget. In conclusion, no improvement of NSP addition on performance and behavior of the laying period was observed.
Similarly with earlier findings (Van Krimpen et al., 2007 , 2008 , feed intake of the layers was not affected by NSP concentration of the laying diet. Oat hulls have a relatively low bulk density. Adding 10% coarse oat hulls to the control diet decreased the bulk density by 15% (783 vs. 669 g/L), indicating that the hens have to consume more volume for realizing a similar nutrient intake compared with hens that were fed undiluted feed. Hens that were fed the control diet daily consumed 143 mL of feed, whereas hens that were fed the 10% diluted high-NSP diet consumed 183 mL of feed. In a study of Vilarino et al. (1996) , volume intake of laying hens even increased from 157 to 279 mL/hen per day by feeding a mash diet diluted by 450 g/kg of wheat bran. As a result, eating time increased from 32.5 to 41.3% in that experiment. Hens, however, were not able to completely adjust their feed intake to compensate for the dietary dilution.
Contrary to earlier work, however, no contrasts in eating time and eating rate were found between standard-and high-NSP laying diets. The eating time and eating rate levels of the high-NSP diets in the current experiment were comparable with the levels found in the earlier experiment, but in the current experiment, eating time of hens fed the standard-NSP laying diets was much higher (21.10 vs. 16.9%), and eating rate was much lower (0.80 vs. 0.95 g/min).
As previously explained, increased eating behavior of hens fed the control diet could be the result of social facilitation and inappropriate feeding pecks. Eating rate during laying was affected by a carryover effect of NSP content of the rearing diet and dilution level of the laying diet (Table 8 ). In hens fed the 10% diluted laying diet, eating rate was reduced in the standardcompared with the high-NSP rearing diet, whereas the opposite was observed in hens fed the 15% diluted laying diet. An explanation for this phenomenon could not be found.
Feather condition of hens fed high-NSP laying diets was evidently improved compared with hens fed standard-NSP diets. This effect could not be explained by an extended eating time, a decreased eating rate, more feeding-related behavior, or less feather pecking behavior.
Hens that were fed high-NSP laying diets, however, spend more time ground searching and walking and less time preening. Earlier findings showed that insoluble NSP intake was linearly related to the mean retention time of digesta in the foregut (Van Krimpen et al., unpublished data). An increased insoluble NSP intake resulted in a decreased mean retention time in the foregut, which was associated with a higher level of satiety. A higher level of satiety may contribute to a lower feather pecking pressure (Hetland et al., 2004a) .
It was shown that adding insoluble NSP-rich raw materials to the diet decreased feather pecking behavior in laying hens. Hartini et al. (2002) showed that addition of insoluble fiber to the diet might prevent cannibalism mortality in the prelay period (13.2 vs. 3.9%) and early lay period (28.9 vs. 14.3%). Providing insoluble NSPrich raw materials also have been found to decrease feather pecking among layers, especially when pellets were fed El Lethey et al., 2000) . Hetland et al. (2004a) concluded that access to fiber structure from feed and environment may interact with feather pecking behavior.
In the current experiment, NSP addition was confounded with particle size distribution. Thus, average particle size increased in high-NSP diets compared with standard-NSP diets. In earlier work, we observed a delay in feather damage in low-energy, coarsely ground, high-NSP diets compared with hens fed a control diet (Van Krimpen et al., 2008) . Replacing ground wheat with whole wheat also showed a positive effect on plumage condition of laying hens (Hetland et al., 2003) . Numerous positive effects of coarsely ground NSP sources were mentioned. They stimulate gizzard weight and increase reflux of bile acids, resulting in improved starch digestibility and an enhanced emulsification of liberated lipids (Hetland et al., 2003) . Indeed, NSP addition in the current experiment increased gizzard weight and gizzard content. Moreover, NSP addition resulted in a considerable reduced proventriculus content of the hens (0.9 vs. 0.3 g/kg per hen). Contents of gut segments of the foregut can be influenced by feedback control from the duodenum, mediated through receptors sensitive to, for example, acidity, particle size, and rheological properties of digesta (Bach Knudsen, 2001 ). Probably, this feedback control affects the proventriculus content. In broilers, increased particle sizes reduce the incidence of proventricular dilatation, stimulate gizzard development, and extend mean retention time in the foregut. This was associated with less mortality (Jones and Taylor, 2001; Taylor and Jones, 2004) .
In conclusion, adding coarsely ground insoluble NSP to the diet resulted in similar performance and in similar eating behavior. Moreover, it reduced proventricular weight and increased gizzard weight and its contents All this was associated with better feather condition scores.
Carryover Effects of Nutritional Factors in the Rearing Diets on Parameters During Laying
Some authors stated that more attention should be given to the development of feather pecking during the rearing of laying hen chicks (Huber Eicher and Sebo, 2001). It is also suggested that minimizing differences between the rearing and laying environment via a seamless transition may contribute to make a laying flock less prone to injurious feather pecking (Van de Weerd and Elson, 2006) . Results from a longitudinal study, with birds followed during both rearing and laying period, showed that stereotyped gentle feather pecking in young birds predicted this behavior of these birds in adult stage (Newberry et al., 2006) . Once developed, stereotyped behavior can be persistent and hard to extinguish (Garner and Mason, 2002) .
The current experiment was also performed to test the suggestion of Keppler et al. (1999) that stimulating the food-searching behavior of young pullets could prevent feather pecking in adult birds. Although rearing hens that were fed diluted diets consumed more feed, eating time during the rearing period was only slightly increased in the 10 and 15% diluted high-NSP diets, whereas feeding-related behavior was not affected by dietary dilution level. The NSP concentration of the rearing diet had no effect at all on eating behavior during the rearing period. Therefore, it was not striking that significant carryover effects of the dietary treatments during the rearing period on the average feather condition and feather pecking behavior during the laying period were absent.
Thus, supplementing the 15% diluted diet during rearing resulted in a good feather condition at the end of the laying period, independent of the NSP concentration of the laying diet. This result demonstrates the importance of conditions during the rearing period in preventing feather pecking behavior during the laying period, which was confirmed by different authors (Blokhuis, 1989; Vestergaard and Lisborg, 1993; Johnsen et al., 1998; Chow and Hogan, 2005) . Layer pullets that do not get the right substrate to peck early in life may feather peck later on (Johnsen et al., 1998) . Supplementing extra straw or spreading 10% of the estimated feed intake as whole wheat into the litter of layer pullets markedly reduced feather damage in the layer period (Blokhuis and Van der Haar, 1992) . The birds showed more foraging-related behaviors like ground scratching and ground pecking, suggesting that the incentive value of the ground, and the substrate covering it, might be increased with grain during the rearing period. Similarly, Chow and Hogan (2005) concluded that young Burmese red jungle fowl from 1 to 5 wk of age that were deprived of exploratory-rich environments performed significantly more gentle feather pecking and tended to show more severe feather pecking than the experienced birds. This suggested that chicks deprived of exploratory-rich environments may consider pen mates as appropriate exploratory stimuli and subsequently direct exploratory behavior toward conspecifics. Chow and Hogan (2005) hypothesized that providing early experience with enriched environments could reduce the likelihood of severe feather pecking developing. It is suggested that pullets become imprinted on pecking substrates very early in life (Vestergaard, 1994) , with a sensitive period estimated on d 0 to 6 (Braastad, 1990) , around d 3 (Vestergaard and Baranyiova, 1996) , or below d 10 (Huber Eicher and Wechsler, 1997) posthatching. In the current experiment, diluted diets were provided from d 0 posthatch onwards. Feed intake, and probably also the number of feeding pecks, of pullets that were fed the diluted diets increased from the first week of life onwards. Likely, these pullets were more "imprinted" on their feed and therefore less oriented toward the feathers of their conspecifics. This could explain the improved feather condition of the hens at 49 wk of age that were fed the 15% diluted rearing diets.
